Multistage mini hydraulic fracturing tests were performed in a borehole located in central Hungary in order to determine in-situ stress. At depth of about 500 to 560 meters, observed pressure versus time curve in metamorphic rock (mica schist) show a typical results. After each pressurization cycle, the fracture breakdown pressure in the first fracturing cycle is lower than the reopening pressures in the subsequent reopening and step-rate phases. It is assumed that the composition of the drilling mud and observed foliation of the mica schist have a significant influence on the pressure values. In order to investigate this problem, numerical modeling was performed using the discrete element code (ITASCA Particle Flow Code, PFC), which has been proven as an effective tool to investigate rock engineering problems associated with hydraulic fracturing. The code presented in this study enables simulating hydro-mechanically coupled fluid flow in crystalline rock with low porosity and pre-existing fractures (represented by the smooth joint contact model in PFC) in two dimensions. In this study, the sensitivity of the effect of foliation angle and fluid viscosity on the peak pressure is tested. The anomalous characteristics of the pressure behavior are interpreted in that way that the drilling mud penetrates the sub-horizontal foliation plane, it clogs the plane of weakness and makes the opened fracture tight. Eventually, the process prevents leak-off from the opened fracture that might explain the increased fracture reopening pressure in subsequent cycles.
Introduction
Hydraulic-driven fractures play a key role in energy technologies. In particular, unconventional oil, shale gas and geothermal reservoirs are often characterized by in-situ rock with intrinsic low permeability. Prior to any energy production, minifrac, micro-hydraulic fracturing or extended leak-off test are an efficient way to gain knowledge about in-situ stress field of rock near the wellbore. This direct method means pressurizing an isolated interval of an open borehole section until the rock fractures hydraulically. An obvious signature of fracturing and hence fluid leakage into formation is the non-linear behaviour in the pressure versus time relationship, that is, breakdown in the pressure curve.
Golder Associates Hungary performed several hydraulic fracturing tests in a borehole in central Hungary to determine in-situ stress in metamorphic rock (mica schist) with sub-horizontal foliation. To ensure wellbore stability the intervals of length of about 1 meter, at depth about 500 to 560 meters, were not flushed. Mini-fracturing in a depth interval with no existing fracture was performed in several cycles (phases): the test began with fracturing, followed by three re-openings, a successful jacking cycle and the tests ended with a final fourth reopening. The classical fracturing cycle appears to be successful, however, the subsequent reopening and jacking phases show larger peak pressures. Opposed to classical hydraulic fracturing theory the largest peak pressure was observed after a reopening cycle (Fig. 1) . The processed data show that the lithostatic stress, i.e. S v = 15 MPa, and the minimum horizontal stress, S h = 16 MPa and the calculated maximum horizontal stress, S H = 30 MPa. Since there is no exact explanation for the increase in peak pressure in subsequent cycles the authors suggest that the composition, in this case the viscosity of the drilling mud and foliation in the mica schist should influence the pressure values. The complexity of the problem implies that the process of interaction between hydraulic fracture and foliation and its macroscopic effect on the testing should be understood more in depth at the same time.
To investigate this nontrivial problem, numerical modelling is used as an efficient tool to capture processes regarding fracture initiation, propagation and fluid transport in rock formation, i.e. hydro-mechanical coupling. Among available commercial codes, the ITASCA Particle Flow Code 2D version 4.0 [1] is used as it has already proven to be an efficient tool to investigate fluid-rock interaction due to hydraulic fracturing on the micro and macro scale [2] [3] [4] . The software is enhanced by hydro-mechanically fully coupled code [3] .
The paper aims at understanding, what contributes to the increasing peak pressures as also observed in [5] . Perhaps foliation plane and hydraulic fracture interaction might be related to increasing peak pressures with time?
Numerical Model

Particle Flow Code and fluid flow algorithm
The ITASCA Particle Flow Code [1] uses an explicit time-domain integration scheme to solve the equations of motion for an aggregate of rigid discrete circular particles. The PFC is also referred to as the bonded-particle model (BPM) since the contacts between the circular elements are defined through so-called parallel bonds and enhanced by cementing material at the contacts with finite thickness. The integration scheme, that is, the calculation cycle in PFC2D is a time stepping algorithm that iterates between the law of motion applied to each particle and the linear force displacement law applied to each contact. The geomechanical simulator defines strength at the contacts in terms of Mohr-Coulomb failure criterion (Table 1) [6] , i.e. due to applied loading, the bonds can break in tensile (Mode I) or shear (Mode II). For more detail, we refer to [7] .
The fluid flow algorithm provides a way to investigate hydraulic treatment from a borehole into the host rock. The simulation is based on the algorithm applied by [3] . The algorithm assumes that each particle bonded contact corresponds to a flow channel which connects up pore spaces (so-called domains) that can store pressure and once a domain is pressurized, it becomes fully saturated.
The coupling involves flow of viscous fluid in bonded particle assembly and fluid pressure and volume driven breakages of bonds in Mode I and Mode II realized through three equations. The cubic law (with hydraulic aperture, e) embodies the P f pressure driven flow of viscous fluid between L long smooth parallel flow path connecting the neighbouring pore spaces:
(1) where q denotes flow rate (volume per unit time). The second relationship is an experimentally derived relation between hydraulic aperture and normal stress based on [8] : (2) where e inf denotes the residual hydraulic aperture at infinite normal stress, e 0 is hydraulic aperture at zero normal stress and n corresponds to effective normal stress on a flow channel.
The third equation expresses that each domain receives flows from the surrounding channels ( q). In one timestep, t, the increase in fluid pressure ( P f ) is given by the following equation, assuming that inflow is taken as positive:
Here K f is fluid bulk modulus and t corresponds to time step. The injected and pressure difference driven fluid flow exert pressure on the neighboring particles leading to deformation. The resulting force term serves as an input for the PFC2D calculation cycle.
Model parameters
The host rock modelled is calibrated through a trial-and-error process described in [7] . Microparameters are chosen arbitrarily that best resemble foliated mica schist and provide reasonable computation time as well (Table 1  and Table 2 ). Foliations in this study are implemented as the smooth-joint model which is a contact model that allows particles to slide past one another without over-riding one another [9] . Joint is created by assigning this contact model to all the contacts between particles that lie upon opposite sides of the joint surface. Lengths and numbers of joints are arbitrarily determined. The generated joint fabric is then overlaid on to the bonded particle assembly. Those particle contacts which were assigned with parallel bonds and located along the joint fabric are switched to smooth joint contacts and assigned with mechanical properties that are listed in Table 2 . The in-situ stress field was chosen to maintain numerical stability and corresponds to the measured in-situ data (S 1 /S 3 ratios are 3.5 vs 2, respectively): the vertical stress (S v = S zz ) equals 1 MPa and the maximum horizontal stress (S H = S xx ) equals 3.5 MPa.
Fluid is injected into the center of the open hole section. Flow rate is defined on a trial-and-error basis that provide reasonable simulation time. During the simulation several injection cycles are performed as mini-hydraulic fracturing tests involving several injection and bleeding cycles to obtain repeatable results. These are discussed below.
The domains do not contain pressure prior to stimulation. Flow rate is always controlled as not to generate microcracks in the first injection cycle. Furthermore, by infiltrating the domains to a little extent, the rock matrix already contains pore pressure prior to the fracturing cycle. The flow rates depend on the modeling scenarios that are presented in the subsequent section.
Modeling scenarios
Since field data suggest that the induced fracture propagated in the horizontal plane, a 2D vertical section was generated in a size of 2 m x 2 m. The chosen model size conforms to the size (volume) involved in hydraulic fracturing operation (or hydraulic testing of pre-existing fracture, HTPF) in an isolated, approx. one-meter-long open hole section. Approximately 15.000 particles are generated using the parameters listed in Table 2 . The open hole interval is created by deleting particles in the center area with a size of 50 mm x 50 mm. Straddle packers are modeled as material domains above and below the open hole area by defining lower hydraulic aperture (10 -9 m, i.e. impermeable) to prevent leak-off into them. To incorporate the effect of mud cake and invaded zone a domain approx. 10 % stronger and stiffer than the rock matrix around the open hole is generated (Fig. 2) .
The interaction between hydraulically induced fracture, fluid flow and foliation is studied through three base cases. In the first case (case a) no smooth joints (foliation) are implemented, i.e. the material is considered as homogeneous in this sense. In the latter two cases (case b and case c), smooth joint contact model is applied. In case b foliation is parallel to S H and in case c foliation is tilted by 15° with respect to S H counter-clockwise (Fig. 2) . In each case two types of fluid, i.e. with different viscosities are injected into the rock mass: water ( = 1 mPa s) and "drilling mud" ( =100 mPa s) denoted by "1" and "2", respectively. The former case corresponds to a typical treatment in which the fracturing fluid is usually a low-viscosity fluid for low-permeability rock and the latter one approximates the field conditions. The latter case uses viscosity several order of magnitude higher to enhance the effect of viscosity. The combination of these cases results in 6 modelling scenarios (Table 3 ).
In the following sections, the effect of variation of parameters controlling foliation and density on pressure curve, (micro)fracture initiation, propagation, fluid infiltration and propagation (moving boundary of the fluid pressure front) as well as principal stresses around the open borehole area are discussed. 
Benchmark analysis results
The results of simulation of mini-hydraulic fracturing into crystalline rock mass with foliation, such as flow rates and the respective peak pressures are summarized in Table 3 . In this study, two types of stimulation fluid and foliation angle as well as intact rock are combined in 6 different scenarios.
The applied constant flow rates represent the following, repeatable order of 4 injection cycles: a cycle to install pore pressure into the domains, fracturing and two reopening cycles (Fig. 3, Table 3 ). Between two cycles the injection is stopped and the well pressure (central domain in the open hole area) decreases as fluid flows back from the infiltrated regions. This process also resembles exponential pore pressure relaxation process in which the fluid in the isolated section is bleeded until well pressure reaches hydrostatic (pore) pressure. Since bleeding always require more time than to create or extend hydraulic fracture, the time between two injection cycles are set longer. In all cases, flow rates are somewhat higher (and, as a result, simulated time is shorter) than that in Fig. 1 to ensure reasonable computational time. Each scenario requires different set of flow rates. The simulation lasts until hydraulic fracture reaches the model boundary.
During the first injection phase, pressure builds up and reaches a plateau until the stimulation at a constant rate is stopped. The plateau corresponds to the quasi-static state where fluid infiltration and flow black are in equilibrium. This phase serves as adding pore pressure by fluid migration into the domains without generating any microcracks. Furthermore, these initial fluid migration fronts already show the distinct geometric, "butterfly wing" shaped figure, in good agreement with general theory. In the subsequent cycles flow rates are higher to induce hydraulic fracture. In the second, "fracturing" cycle, well pressure increases at a higher rate and a sudden, little pressure drop shows the breakdown signal. After that pressure increases slightly until injection is stopped. The breakdown pressure signal is enhanced by microcrack generation monitoring which makes the identification unambiguous. Since the pressure drop is relatively small and wellbore pressure increases further until pumping is stopped, distinction between fracture initiation pressure and propagation pressure would be challenging without microcrack monitoring.
As only the vicinity of the wellbore contains previously installed pore pressure, well pressure increases during fracture propagation. However, the characteristic signal can be unambiguously identified through the "saw-toothing" signal, i.e. the oscillating pressure curve that shows fracture propagation. During that, pressure drops as the fracture reaches a domain that does not yet contain enough fluid pressure to extend. As soon as the pressure overcomes the minimum stress, propagation continues until it reaches another dry domain. In the subsequent one or two "reopening" phases, when well pressure overcomes the reopening pressure, microcrack generation continues. In scenarios a1 and 2, the domains are already fractured after cycle reopening 2, therefore, no reopening 3 is required. Table 3 shows that regardless of flow rate and foliation, the fracture initiation pressure -the time when microcrack generation begins -is around 6 MPa. For intact rock, reopening pressure is approx. equivalent to fracture breakdown pressure. One would expect higher breakdown pressure for higher viscosity fluid [2] , however, in these cases (a2, b2, c2 versus a1, b1, c1, respectively), the flow rates and injection (simulation) time are set lower to ensure comparison between the scenarios.
From fracture mechanics aspect, microcracking were purely normal (mode I) in both intact cases. Moreover, the microcracks initiated on or close to borehole edge resemble the shape of a wing crack. The induced hydraulic fracture develops sub-horizontally and propagates parallel to maximum horizontal stress (Fig. 4) . The induced microcracks can only origin from failure of parallel bonds, whereas in cases b1 -c2 smooth joint contacts may break as well. Results regarding the effect of viscosity and smooth joints (foliation), i.e. cases b1 -c2 are discussed in the following two subsections. 
Effect of fluid viscosity
The viscosity (parameter ) was set to mimic the effect on peak pressures. Since flow rates were adjusted to viscosity (to ensure numerical stability and comparison between the cases), fracture breakdown pressure remained the same in all simulations. Comparing cases with low to high , the reopening pressures remain in the same range. On the other hand, the effect of viscosity increment can be tracked down on the type of generated microcracks. In foliated rock the higher result in more shear (mode II) smooth joint failures and, consequently, less parallel bond and smooth joint normal contact breaks. This is due to higher friction between the fluid and the domains, which requires higher pressure (force) to extend the hydraulic fracture between the sliding smooth joint contacts (Table 3) . 
Effect of foliation
The presence of foliation highly affects the response of the rock to hydraulic stimulation (cases a1 and a2 vs b1 -c2). Based on Table 3 , the highest reopening pressures are in case c2. Furthermore, those increase is reached after fracture breakdown pressure. This feature is in good agreement with [10] who observed increasing reopening pressures if higher density and hence viscous fluid was injected. The phenomenon might be linked to wing crack development described in subsection 3.1 (Fig 4.) . That is, initially purely tensile, angular mode I crack develops that reaches the smooth joint contacts. As more pressure is needed to overcome the shear strength of those, the observed well pressure increases. As soon as the shear strength is overcome, little pressure drop occurs, the fracture propagates further until it reaches the next smooth joint contact. This results in oscillating well pressure curve shown in Fig 2. However, the oscillation signal is mixed with pressure increase due to higher well pressure and slow fluid flow back. The induced hydraulic fracture leaves the orientation of foliation and develops again as mode I crack, similar to a wing crack. Among the 6 scenarios, c2 approximates the observed pressure value trends the best. 
Conclusions
In this study, an atypical behavior of a mini hydraulic fracturing tests in foliated mica schist was investigated. The test data showed that the fracture breakdown pressure is lower than the re-opening pressures of the subsequent injection cycles. The numerical code used in this study to better understand the unusual behavior enables simulating hydro-mechanically coupled fluid flow in crystalline rock with low porosity and pre-existing foliation in two dimensions. The sensitivity of the effect of foliation angle and fluid viscosity on the peak pressure is tested through 6 scenarios.
The anomalous characteristics of the pressure behavior are interpreted in that way that the drilling mud penetrates the sub-horizontal foliation plane, it clogs the plane of weakness and makes the opened fracture tight. Eventually, the process prevents leak-off from the opened fracture that might explain the increased fracture reopening pressure in subsequent cycles. In other words, both the presence of sub-horizontal foliation and high viscosity fluid (drilling mud) is needed to reproduce the phenomenon.
The wing crack development due to hydraulic fracture propagation reflects that in-situ stress measurements require further understanding. In a future study the authors intend to implement dynamic mud cake build up as well. It is found that generation of wing cracks in the hydrofrac operation depends on the stress state, the angle of packer alignment and orientation of foliation, and needs further detailed modeling. Mixed-mode fracture processes seem to be in operation in this non-trivial fluid-injection operation in foliated (anisotropic) rock mass.
